G lobal eff orts to identify and develop soil quality indices that can accurately and effi ciently quantify eff ects of soil and crop management began to emerge around the world during the latt er portion of the 20th century. This occurred as people became more aware that soil is a unique, nonrenewable resource that nurtures and sustains human civilizations (McNeill and Winiwater, 2004) . These eff orts have been further encouraged by a growing awareness of the multiple ecosystem services that soil resources provide to sustain food security, environmental quality, ecological functions, and most recently feedstock production for biofuels Bouma, 2005; Lal, 2007) . In addition to serving as assessment tools, soil quality indices also provide land managers with a bett er understanding of how their short-term, economically driven management decisions are aff ecting soil properties and processes over time.
Why Are Indices Needed?
Historically, human neglect of soil resources resulted in the demise of dominant societies and entire cultures (Lowdermilk, 1953; Hillel, 1991; Diamond, 2005) . For example, soils of the Tikal rainforest never fully recovered from the Mayan occupation and abandonment that occurred more than 1000 years ago. In southern Mesopotamia, a once thriving land of lush fi elds is now largely desolate. What were once great cities are now barren mounds of clay rising out of the desert in mute testimony to the glory of a spent civilization.
In the United States, one of the most severe natural resource disasters occurred during the 1930s as a result of ignorance regarding the fragility of the Great Plains' soil resources, which just three decades earlier were described as "indestructible and immutable" in the 1909 Bureau of Soils Bulletin 55 (Whitney, 1909) . Implementation of a wheat (Triticum aestivum L.)-fallow cropping system and use of intensive tillage throughout the Great Plains contributed to the Dust Bowl that fostered Hugh Hammond Bennett 's 1933 indictment of Americans as "the great destroyers of land" (Baumhardt, 2003) . Water erosion associated with cott on (Gossypium hirsutum L.) production in the southern United States and continuous oat (Avena sativa L.) and wheat in ac) of cultivated croplands had been "essentially destroyed" by soil erosion, while 4.0 × 10 7 ha (1 × 10 8 ac) had lost "all or most of the topsoil (USDA, 1934) . Rapid and devastating loss of topsoil, and with it the homes and livelihoods of many Americans, led to the establishment of the Soil Erosion Service (now the Natural Resources Conservation Service [NRCS] ) and the Coon Creek Watershed project to demonstrate how to best address erosion problems (Hart, 2009) . With regard to indices, addressing soil erosion also led to the early development of tools, including the Universal Soil Loss Equation (USLE), Soil Loss Tolerance Standard (T), Revised Universal Soil Loss Equation (RUSLE), Water Erosion Prediction Project (WEPP), and Wind Erosion Equation (WEQ), in this region. During the past 75 years, these tools have helped land managers make much bett er management decisions and have signifi cantly reduced erosion, but they do not address the full range of ecosystem services provided by soils (Soil and Water Conservation Society, 2008) .
The Soil Quality Concept
The "soil quality" concept was introduced by Warkentin and Fletcher (1977) to guide the use and allocation of labor, fi scal resources, and other inputs to meet increasing demands being placed on agriculture. In subsequent decades, the soil quality concept has educated professionals, producers, and the general public about the critical functions soils perform. It has led to the development of assessment tools for comparing management practices and quantifying changes in dynamic soil properties through time. Among the factors that originally slowed acceptance of the concept were perceptions that soil quality assessment was simply an extension of productivity assessments or new soil suitability (interpretations of production capability) ratings as presented in soil surveys and not inclusive of other ecosystem functions or services. Several also argued that soil quality considerations can be traced back to ancient agricultural times when they were used for soil fertility or productivity assessments (Krupenikov, 1981; Yaalon, 1997; Patzel et al., 2000) . Borggaard (2006) stated that although launching the soil quality concept definitely increased the focus on soils, the multifunctionality of the concept has been diffi cult to handle. For example, a highly fertilized soil may have high quality as a medium for agricultural crop production, but low quality with regard to protection of groundwater and surface water from nitrate pollution. The challenge is to develop the concept so it can integrate and operationally recognize the simultaneity of diverse and oft en confl icting soil functions. Others argue that the focus should simply be on "quality soil management" rather than on "soil quality" because of the impact that human decision-making and the management practices that are chosen have on highly variable and unique resources (Sojka and Upchurch, 1999; Sojka et al., 2003; Letey et al., 2003) . In reality there is litt le diff erence between the two concepts-both focus on improved soil function, the latt er att empting to off er assessment techniques to ensure quality soil management is working as intended. Nevertheless, this debate is consistent with that facing the entire soil science discipline. As soil science becomes more integrated with geosciences, environmental sciences, and engineering (Baveye, 2006; Lal, 2007) , all are facing new demands that require many traditional disciplinary concepts and theories to be reexamined and perhaps even redefi ned in an interdisciplinary light.
The concepts of soil quality and land quality share many similar components, especially with regard to indexing land management and environmental issues (Carter, 2002; Bouma, 2002) . Anderson and Magleby (1997) suggested that using soil quality to focus on soil functions would better meet the needs of environmentally sound land management. Herrick (2000) suggested that indexing soil quality under various landscapes would be an eff ective tool for land management. Such eff orts could easily complement the land capability and suitability indices developed by the NRCS and thus provide a consistent approach for soil quality assessment (Lal, 1999; Bouma, 2004) . Integrating land and soil quality indices could help solve environmental problems 41 across spatial scales. Combining soil quality indexing with information regarding the specifi c capacity of soils to provide critical functions under diff erent landscape features could help guide and improve land management, especially with regard to assessing impacts of various land use decisions. For example, in New Zealand, the national soil quality monitoring framework provided a major legislative basis for the Resource Management Act (Sparling and Schipper, 2002; Sparling et al., 2004 Overall, we contend that both proponents and opponents of the soil quality concept want the same outcome-an improved public awareness of the importance of soil resources and a bett er understanding of how short-term economic decisions can aff ect long-term soil properties and processes. This is refl ected in the USDA-NRCS strategic plan for (USDA-NRCS, 2006 where understanding and promoting soil quality was identifi ed as a foundation mission goal for ensuring that the United States continues to have productive lands and a healthy environment. Finally, the importance of focusing on soil quality and its assessment protocols was confi rmed by the 2004 special section in Science (11 June 2004) that recognized soil as "The Final Frontier" to highlight the importance of this resource and to draw att ention to our incomplete knowledge of soil properties, processes, and functions. The articles illustrated how processes occurring in the top few centimeters of Earth's surface are the basis of all life on dry land, but concluded that the opacity of soil has severely limited our understanding of how it functions (Sugden et al., 2004) . Based on the evolution of the concept during the past two decades, it seems likely that the soil quality concept, along with the theories, techniques, and logistics to support its assessment will continue to evolve with an ever-increasing understanding of soil resources and the changing needs associated with managing them for the benefi t of humanity.
Soil Quality Assessment Methods
Soil quality scorecards were introduced during the 1990s as one of the fi rst methods to assess soil quality Romig et al., 1996; Shepherd, 2000; Shepherd et al., 2000) . A scorecard and guidelines for tailoring them to local areas were among the fi rst products developed by the NRCS-Soil Quality Institute (USDA-NRCS, 1999). The cards were developed and promoted primarily to build a basic awareness of soils and to help land managers document their eff orts to improve them. Other assessment approaches include use of soil pits and the soil quality test kit (Fig. 3|1 ) developed by J.W. Doran, M. Sarrantonio, and others (Sarrantonio et al., 1996) to provide a hands-on understanding of how soil physical, chemical, and biological properties and processes change with time and from location to location. The kits, which emulate the "doctor's black bag," can be used to measure water Fig. 3|1 . A soil quality test kit, emulating the "doctor's black bag" was developed to demonstrate the importance of soil physical, chemical, and biological properties to the general practitioner and conservationist. infi ltration, bulk density, soil respiration at fi eld capacity, soil stability, soil water content, water holding capacity, water-fi lled pore space, soil temperature, soil pH, electrical conductivity, and soil nitrate. When used with visual examination of soil profi les, the kit provides information that many conservationists, soil and crop consultants, and others have found useful for understanding spatial and temporal variability among soil resources Liebig et al., 1996; USDA-NRCS, 1999 ).
More recently, the USDA-NRCS has recognized the importance of soil quality by incorporating the Soil Conditioning Index (SCI), a simple, linear predictive model to assess trends in soil organic carbon in crop management systems, into several policies and programs. The SCI was developed from data associated with a 12-yr fi eld study (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) conducted near Renner, TX (Laws, 1961) . The model was released initially for regional planning, and the NRCS Soil Quality Institute further calibrated the model before its national release and added a correction factor for soil texture to the original SCI. This improved the model's accuracy by requiring more biomass production to maintain the level of soil organic matt er for coarse-textured soils (USDA-NRCS, 2003). The Institute then validated the SCI using data from longterm carbon studies around the United States. One evaluation, using nine long-term C studies, showed positive trends in soil C were refl ected by positive trends in the SCI, while negative SCI trends were associated with negative soil C trends (Hubbs et al., 2002) . Another study, using data from 52 western Texas sites, (Zobeck et al., 2007) showed that SCI values were not strongly correlated with total soil organic carbon. However, they were more strongly correlated with a specifi c soil C fraction known as particulate organic matter carbon, a more labile (changeable) form of C related to recent organic inputs such as animal or green manure, crop residues, or plant roots. A more recent study of diff erent cropping systems on the same soil in Colorado (Zobeck et al., 2008) showed the SCI to be more highly correlated with total soil organic C. Obviously, this is an area of research that needs additional eff orts for many diff erent regions and cropping systems.
Following passage of the 2002 U.S. Farm Bill, the SCI was adopted nationally as one factor for determining eligibility for the USDA Conservation Security Program (CSP) and the Environmental Quality Incentives Program (EQIP). However, one limitation of the SCI is that it focuses only on potential changes in soil organic matt er. This is justifi ed because if only one indicator is to be used, soil organic matt er is oft en agreed on to be the best choice because of the multitude of soil physical, chemical, and biological properties and processes it infl uences (USDA-NRCS, 2003). Another limitation is that, while it is well known that soil carbon change is asymptotic, the model does not predict where on the curve a particular system may be. It only provides positive or negative trend information, even when a system has reached a steady state for carbon.
The Soil Management Assessment Framework (SMAF), as described by Andrews et al. (2004) , is a measurement-based approach for assessing soil quality. This tool evolved from studies applying principles of systems engineering (Karlen et al., 1994a,b) , economics, and ecology (Andrews and Carroll, 2001 ) to interpret soil physical, chemical, and biological data collected from various soil management studies. The SMAF provides a consistent three-step approach or framework for evaluating all types of cropping systems and management goals by: (i) suggesting goal appropriate indicators, (ii) providing indicator interpretation within inherent soil and climatic context, and (iii) if desired, combining the ratings into an overall assessment of dynamic soil function (Andrews et al., 2002a (Andrews et al., ,b, 2004 . The SMAF has successfully distinguished between "dynamic soil properties" (or quality), which are responsive to current or recent management decisions on the human time scale, and "inherent soil properties," which are determined by basic soil forming factors and relatively unresponsive to recent management (Tugel et al., 2005) .
A similar indexing approach has also been incorporated into the Agroecosystem Performance Assessment Tool (AEPAT). The AEPAT is a computer program designed to assess agronomic socioeconomic and environmental performance of soil and crop management practices (Liebig et al., 2004) . Measured indicators are assigned by the user to various soil functions (e.g., food/ feed production, nutrient cycling), as well as social and economic indicators such as 43 net profi t or quality of life indicators. The functions are weighted by the user, and individual function scores are combined into an index. The AEPAT was used to compare cropping system eff ects on soil quality using information from several long-term studies throughout the Great Plains (Wienhold et al., 2006) , but it is designed primarily for soil scientists (most likely researchers) because indicators, their relationships to soil function, and weighting factors must all be defi ned by the user.
A simplifi ed two-step version of SMAF with slightly diff erent indicators is used in the Cornell Soil Health Assessment program (htt p://soilhealth.cals.cornell.edu/ index.htm, verifi ed 30 Aug. 2010), which was the fi rst commercially available program to off er balanced assessments of soil physical, chemical, and biological quality (Gugino et al., 2007) . This program was developed to facilitate education about soil health, guide farmers and land managers in their selection of soil management practices, provide monitoring for the NRCS, and indirectly increase land values by providing information regarding the soil's overall condition. Measured biological, chemical, and physical indicator values are interpreted using various nonlinear response curves, modifi ed by soil texture. The tool has been found to be sensitive to soil and crop management practices (e.g., tillage, crop rotation, and animal manure) on hundreds of farms across New York and vicinity. Results are relevant to what has been defi ned as critical soil functions (Doran and Parkin, 1994) , consistent and reproducible, easy to sample for, and economical for soil-testing laboratories to implement.
All three of these assessment tools (SMAF, AEPAT, and the Cornell Soil Health Test) focus on "dynamic soil quality," which describes the current soil condition created by recent soil management decisions, rather than "inherent soil quality," which refl ects the basic soil forming factors of climate, parent material, time, topography, and vegetation (Seybold et al., 1998) .
Development of Soil Quality Indices
Figures 3|2 and 3|3 illustrate two important points with regard to developing indices for soil quality assessment. Figure 3|2 illustrates inherent diff erences between soils and why meaningful comparisons can be made only by soil map unit component or phase (with similar surface texture and slope) for defi ned locations. The fl uctuation about either soil (Fig. 3|2) shows there will be steady-state diff erences over time. The important interpretation that assessments must help identify is the trend in that fl uctuation (Fig. 3|3) . Are soil resources being improved, degraded, or at least maintained? With regard to the sometimes controversial issue of what baseline condition (e.g., native prairie, fencerow, cemetery, pasture, cultivated fi eld) to use for indexing soil quality, we conclude that it does not matt er. Since it is not possible to go back in time and many of the suggested reference conditions would not require the same soil functions as current land use, the most meaningful approach for examining long-term eff ects is to measure soil management eff ects every 3 to 5 yr using the same sampling and Fig. 3|2 . Conceptualization of inherent soil quality differences between two soils. Adapted from Karlen et al. (2001) . indicator interpretations to quantify important trends. This approach provides the information needed to know if the practices being used are causing critical soil functions to improve, decline, or at least remain stable (Fig. 3|3) . When monitoring over time is not possible, sampling similar soils under different steady-state management conditions allows an inventory of soil function related to management (Tugel et al., 2009 ).
Recent Soil Quality Assessment Studies
Examples of ongoing research to improve soil quality indices include a national eff ort to use the SMAF to quantify environmental benefi ts of public investment in conservation practices. Soil samples are being collected at 14 benchmark watershed sites associated with the ARS Conservation Eff ects Assessment Project (CEAP). The overall goal of CEAP is to quantify how agricultural management practices are infl uencing soil and water quality (NRC, 1993) , thus providing an excellent dataset for validating the SMAF. Recognizing that high rates of soil erosion, loss of soil organic matt er, imbalanced soil fertility, and chemical or heavy metal contamination continue to be critical soil quality issues (Larson and Pierce, 1991: Doran and Parkin, 1994; Karlen et al., 2001 Karlen et al., , 2003 Karlen et al., , 2006 , the SMAF (Andrews et al., 2004) was chosen for this assessment because of its design to use biological, chemical, and physical indicators in an organized and consistent manner A survey approach was chosen to identify the most limiting soil properties or processes within each benchmark watershed (Fig. 3|4 ). An initial assessment within the South Fork Watershed of the Iowa River provided the foundation for the overall CEAP soil quality program. Samples were collected from fi ve to ten locations (as replicates) under three to fi ve conservation practices within three to fi ve soil map units in each watershed. At each sampling site, 20 soil cores were collected from the 0-to 5-cm depth using a soil probe with an inner diameter of 3.2 cm. Then, depending on the local research questions, either additional samples from lower depths were collected or more sites were sampled. All sampling sites were georeferenced, and soil map unit, landscape position, slope, and any evidence of wind, water, or tillage-induced soil erosion and periodic ponding or fl ooding was documented. Current and past management information from the land owner or operator was collected when possible. This included conservation practices, fertilizer and/or manure management histories, crop rotations, tillage practices, yields, and other pertinent information that is known to aff ect soil resources.
To date, 13 of 14 CEAP benchmark watersheds have been sampled, and soil analyses are nearly complete for fi ve of them. A preliminary examination of the data shows that low SOM, especially on hilltops where water, wind, and tillage erosion (Schumacher et al., 2005) have decreased topsoil depth over time, is one of the most consistent fi ndings. Areas receiving excess P through frequent animal manure applications oft en show increasing levels of soil-test P and an increased potential for surface water contamination through runoff that contains excessive levels of soluble P. This appears consistent with results from the initial South Fork watershed study that showed soil-test P ratings for upland soils were generally very high (>31 μg g −1 ) (Mallarino et al., 2002) but not to the levels (e.g., >100 μg g −1 ) at which severe environmental impact would be expected. Lower soil-test P ratings in the depression areas were consistent with the higher pH in those soils. Soil-test K in the initial South Fork study was generally in an optimum range (131-170 μg g −1 ) for corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] production, but some areas had surprisingly low K values. This could result in early season plant K defi ciencies if no-tillage practices are used (Karlen and Kovar, 2005) to reduce soil erosion. Therefore, since reduced or no-tillage practices would be benefi cial to increase soil C levels, close monitoring of K levels is recommended to prevent that essential plant nutrient from limiting crop yields.
A cropping systems study in Colorado (Zobeck et al., 2008) , separate from the CEAP Watershed work, was used to compare the SCI and SMAF indices for their ability to detect management diff erences due to tillage, cropping sequence, and N fertilizer rate. Both indices diff erentiated among the three N rates with the SMAF index clearly identifying the plots that received very high N rates from those that received none. The intermediate N rate, however, was not signifi cantly diff erent from the two extremes. In contrast, the SCI identifi ed distinct diff erences among all N rates, but the diff erences were the same as those found for crop yields and residue returned to the soil. The SMAF index was more sensitive and showed more distinct diff erences among crop management systems. The SMAF index values were reduced as tillage intensity increased and residue cover decreased.
In a Nebraska study, the SMAF was used to develop methods for conducting soil management assessments within spatially variable fi elds. Apparent electrical conductivity (EC a ) was intensively sampled for an entire fi eld near Carleton, NE to evaluate spatial variability for several soil indicators. The predominant soil series at the site is a Muir silt loam (fi ne-silty, mixed, superactive mesic cumulic Haplustoll). The EC a survey was conducted using a Geonics EM-38 (Geonics Limited, Mississauga, ON, Canada) mounted on a nonmetallic sled pulled behind an all terrain vehicle.
1 All data was georeferenced as the survey was conducted with readings logged every 5 s. The survey consisted of 25 transects (20 m apart) and resulted in a total of 1958 EC a measurements. The survey data were processed using the ESAP soft ware package (Lesch et al., 2000) . This program uses spatial statistics to select sampling locations that refl ect the observed spatial variability in EC a (Corwin and Lesch, 2003) . Measured indicator data were also collected for 20 locations throughout the fi eld. At each location a soil core was collected from the 0-to 90-cm depth and sectioned into 0-to 15-, 15-to 30-, 30-to 60-, and 60-to 90-cm increments, air-dried, and sieved. Soil bulk density, pH, electrical conductivity, organic matt er content, and Bray-available P were determined.
The measured soil quality indicator data from the 20 points were used to calibrate the ESAP readings for those same points by calculating regression equations. Statistically signifi cant relationships were determined (Table 3|1) for fi ve of the indicators currently being used by the SMAF to index soil quality. The calibration equations were then used to estimate indicator values at the other 1938 EC a sample locations. The 1958 indicator values were then scored using the SMAF .
Values for EC a ranged from 12 to 62 dS m −1 with high values observed in the northwest and southeast portions of the fi eld and low values observed in the middle of the fi eld. Salinity is not an issue at this site, so the variation in EC a is most likely due to variation in clay content, soil organic matter content, and depth of topsoil (Johnson et al., 2001; Grigera et al., 2006) . Values for Bray available P ranged from 3 to 45 mg kg −1 with high values on both ends and low values in the middle of the fi eld. All values were below the threshold value (100 mg kg
) where the potential for environmental contamination is a concern and the SMAF scoring curve begins to lower the relative score (Andrews et al., 2004) . Overall, this indexing approach was useful for identifying areas where additional P fertilizer would probably result in a positive yield response and where additional applications would not be benefi cial.
These three studies and many others not reported here have demonstrated that indices can help quantify eff ects of agricultural management practices. Further assessments using the SMAF at fi eld, farm, and watershed scales are needed, but preliminary results suggest this approach is appropriate and consistent with the goals stated in the publication, Soil and Water Quality: An Agenda for Agriculture (National Research Council, 1993 ).
On-Going Improvements for Soil Quality Indexing
The Soil and Water Conservation Society (2008) recently published results from an expert consultation that identifi ed actions needed for more comprehensive soil assessment, management, and planning tools. That panel evaluated several soil management assessment tools, including the SMAF and the SCI. One recommendation was that the number of available scoring curves for interpreting measured soil indicators in the SMAF be increased. The original version of the SMAF (Andrews et al., 2004) had scoring curves for 10 soil att ributes, but more than 60 other att ributes were identifi ed as having potential for being assessment indicators.
The approach being used to develop scoring curves for the SMAF involves a number of steps. The fi rst is to identify a soil indicator that responds to management and aff ects a soil function of interest. Data sets containing indicator values and measures of soil function, preferably over a range of environmental conditions, must be identifi ed or collected. These data sets are used to determine the shape of the curvilinear relationship between the indicator and the soil function and then to develop an algorithm describing that relationship. Abiotic factors that cause the relationship to change or the expected range to shift are identifi ed to allow for appropriate interpretation of the indicator within its environmental context. Coeffi cients or logic statements modify each algorithm to mimic these environmental factors. The algorithm is then programmed into the SMAF and validated using additional data sets.
Recent eff orts to develop additional scoring curves include Wienhold et al. (2009) , who developed curves for a physical soil att ribute (water-fi lled pore space), a chemical soil att ribute (soil test K), and a biological soil att ribute (β-glucosidase activity). Stott et al. (2010) also developed scoring curves for a suite of soil enzymes by using original data relating measured soil enzyme activity to management outcomes.
Further development of indices for soil quality assessment will be a continuous process, fostered by incremental improvements in our understanding of physical, chemical, and biological soil processes, as well as how they can be most eff ectively quantifi ed. Assessing soil functions requires not only current soil science studies, but also information from associated disciplines such as geosciences, biology, hydrology, and engineering. Since soil quality depends on soil processes (Wagenet and Hutson, 1997) , many are concerned about interpreting diverse soil functions with scores or indices based on one-time, snap-shot measurements of soil properties. Directly quantifying capacities of soil functions and their associated processes is essential. The development of pedotransfer functions that emphasize soil processes and functions would also be useful to help calculate various soil capacities (Wösten, 1997) . Applying the basic concepts and principles of soil-water-landscape dynamics being addressed by hydropedologists (Lin, 2003) will also enlighten the process-based indexing of soil quality.
Currently, the capacities for some soil functions such as soil resistance and resilience to change in function are not well understood, and it is therefore very diffi cult to develop reliable indices for quantifying such functions. One major diffi culty with predicting each soil's resistance and resilience is that it will vary depending not only on inherent and dynamic (management induced) soil properties but also with type and intensity of soil disturbance and the specifi c functions of interest. In other words, one soil will have numerous resistances and resiliencies for diff erent functions and disturbances. With a greater focus on soil quality and its relationship to environmental and ecological issues, we anticipate the soil functions infl uencing water quality and air quality will become components for holistic environmental quality assessments, with predictions of resistance and resilience a natural corollary of this work
Future Indexing Efforts
As indices to assess soil quality continue to evolve and improve, one of the future eff orts to meet various resource management needs will be the development of soil quality information systems. An ideal soil quality information system would include a combination of soil quality databases, assessment tools, predictive models, and decision-making tools. To provide for a variety of users, this system would be expected to provide not only soil quality assessment scores and indices over time but also compile data for determining soil capacities for diverse uses and the outcomes of those uses. The system would also provide inputs for environmental modeling and/or farm bill program evaluations. This soils information system would be open, allowing the introduction of new soil ecosystem functions and soil indicators or for renewing existing algorithms when an improved understanding of soil properties and processes necessitates change. Some current soil databases will be valuable to support the development of such systems. The STATSGO and SSURGO databases provide rich soil information for inherent soil quality assessment at diff erent scales. The Natural Resources Inventory (NRI) program of the USDA-NRCS has performed nationwide resources monitoring every 4 yr since 1984 and now monitors a subset of points annually. The NRI datasets could provide valuable spatial and temporal land use and management information for plott ing soil quality trends in this country. Combining CEAP with SMAF scoring (Pott er et al., 2006) could provide contextual meaning to modeling outcomes that would be a valuable predictive tool. These databases could help develop national soil quality criteria and also improve soil quality tool development and validation. In the mean time, NRI and other soil databases could facilitate development of soil quality monitoring tools as suggested by Karlen et al. (2003) . New, but not well quantifi ed soil functions, such as resistance and resilience, urban soil quality assessment, and soil quality change patt erns due to global warming, could also become major components of an extensive soils information system. Further improvements could be achieved as geographic information system (GIS), remote sensing, modeling, and data mining tools are developed and customized for indexing soil quality with regard to various needs and applications.
The soil quality information system should also include "prediction and uncertainty" guidelines to help interpret the indices and soil quality assessments. This is consistent with predictions by Tugel et al. (2005) , who proposed a blueprint for quantifying soil changes through soil survey and decision-making processes. They also suggested that dynamic soil properties should be integrated into future soil databases. An ideal soil quality Indices for Soil Management Decisions | D.L. Karlen et al.
information system would not only assess the current states of soil quality but also provide trends and decision-making tools. Development of a soil quality information system such as this could be a pivotal bridge between soil science research and soil management practices.
Using Indices to Improve Soil Management
How might soil indices such as those described above be used to improve soil management decisions? One of the fi rst applications would be to enhance routine soil test information that currently focuses almost exclusively on soil chemical or fertility parameters. Applying indices that account for physical, chemical, and biological properties and processes is the focus of the Cornell Soil Health Assessment program (Gugino et al., 2007) . Current eff orts to develop sustainable feedstock supplies for biofuel and other bioproducts off er another immediate application for indices such as the SMAF since initial estimates of feedstock supply were based solely on retaining suffi cient surface cover to protect against wind and water erosion and not to sustain soil carbon (Wilhelm et al., 2007) . Another application could be to help set land rental and purchase value based not only on potential productivity but also on the current physical, chemical, and biological status of the soil resource. This is an underlying reason for development of procedures for assessing soil change within soil survey and vegetation and ecological site inventories by the NRCS (Tugel et al., 2009) . The critical point associated with these and other indexing applications is that soils are living, dynamic, and everchanging bodies that are aff ected by our soil management decisions. Responses may be immediate, but more likely will be more insidious and hard to identify unless all aspects-physical, chemical, and biological-are monitored on a routine basis, perhaps every 3 to 5 yr. Incorporating such monitoring into long-range soil management plans will undoubtedly benefi t not only the land owner and manager, but many others dependent on the ecological services that soil resources provide.
Summary
The importance and need for indices to guide improved soil management have become well established during the past three decades. As a result, eff orts to develop soil quality assessment tools are underway and expected to go through continued development for several years. The soil quality assessment process is expected to be a holistic approach for examining multiple soil functions regarding productivity, environmental buff ering, and ecosystem sustainability. Tools sensitive to soil biological, chemical, and physical indicators are needed to fully evaluate the impact of soil management decisions, such as when and where to harvest crop residues for biofuel feedstocks or when, where, and how to apply animal manures. The AEPAT, SCI, Cornell Soil Health Assessment, and SMAF are in various stages of development, release, refi nement, or dormancy. The SCI has been incorporated into RUSLE2 soft ware and is being used by the NRCS to assist with some program decisions. The Cornell Soil Health Assessment was successfully used on a trial basis in 2008 for several participatory research studies in New England. The SMAF has been evaluated at several scales and appears to be sensitive to various management scenarios. Scoring curves for three additional indicators (water-fi lled pore space, soil-test K, and the soil enzyme β-glucosidase were recently developed. Opportunities exist for adding many additional indices to the framework to make the tool even more robust and useful. Regardless of past perceptions of soil quality, we invite all readers to join in a concerted eff ort to move soil quality assessment beyond single factor analyses in a meaningful way so that soil management practices can be improved and everyone can benefi t from our bett er understanding "The Final Frontier."
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